One of the fundamental parameters entering neutrino oscillation framework is the leptonic CP phase δ 13 and its measurement is an important goal of the planned long baseline experiments. It should be noted that ordinary matter effects complicate the determination of this parameter and there are studies in literature that deal with separation of intrinsic versus extrinsic CP violation. It is important to investigate the consequences of new physics effects that can not only hamper the measurement of δ 13 , but also impact the consequences of discrete symmetries such as CP, T and unitarity in different oscillation channels. In the present work, we explore these discrete symmetries and implications on unitarity in presence of two new physics scenarios (non-standard interaction in propagation and presence of sterile neutrinos) that serve as good examples of going beyond the standard scenario in different directions. We uncover the impact of new physics scenarios on disentangling intrinsic and extrinsic CP violation. 
Abstract
One of the fundamental parameters entering neutrino oscillation framework is the leptonic CP phase δ 13 and its measurement is an important goal of the planned long baseline experiments. It should be noted that ordinary matter effects complicate the determination of this parameter and there are studies in literature that deal with separation of intrinsic versus extrinsic CP violation. It is important to investigate the consequences of new physics effects that can not only hamper the measurement of δ 13 , but also impact the consequences of discrete symmetries such as CP, T and unitarity in different oscillation channels. In the present work, we explore these discrete symmetries and implications on unitarity in presence of two new physics scenarios (non-standard interaction in propagation and presence of sterile neutrinos) that serve as good examples of going beyond the standard scenario in different directions. We uncover the impact of new physics scenarios on disentangling intrinsic and extrinsic CP violation.
Present status of three generation neutrino parameters
The possibility of neutrino oscillations was first raised in a seminal paper by Pontecorvo [1] and almost sixty years later the experimental confirmation of neutrino oscillations was rewarded with a Nobel prize [2] . The standard three flavour neutrino mixing parameters are -three angles (θ 12 , θ 13 , θ 23 ), two mass splittings (δm 2 31 , δm 2 21 ) and one phase (δ 13 ) that is responsible for CP violation in the leptonic sector. While the mixing angles and the mass-squared differences (and absolute value of only one of them) have been measured with varying degrees of precision (see Table 1 ), the measured value of θ 13 allows for an early measurement of the leptonic CP violation [3] [4] [5] .
The three flavour neutrino mixing matrix U is parameterized by three angles θ 12 , θ 23 , θ 13 and one phase δ 13 1 . In the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) parametrization [6] , U is given by 
where s ij = sin θ ij , c ij = cos θ ij . The validity of the three flavour neutrino paradigm relies very heavily on the assumption of 3 × 3 unitarity of the mixing matrix. Most of the information about the parameters of the neutrino mixing matrix is gleaned from a vast variety of experiments. We should realize that much of the information originates from ν µ and ν e sector via disappearance (ν e →ν e in case of reactor experiments andν µ →ν µ in case of atmospheric and long baseline experiments) and appearance (ν µ → ν e ) measurements in the ongoing and future long baseline neutrino oscillation experiments. The remaining elements in the mixing matrix are fixed assuming unitarity i.e. probability conservation [7] . Clearly, data from neutrino experiments is not sufficient to constrain all the elements of the leptonic mixing matrix [8] . On the other hand, the assumption of unitarity in the quark sector is well justified by data.
Within the Standard Model (SM), the CP symmetry is broken by complex phases in the Yukawa couplings. After removing the unphysical phases in the SM, there is only one physical phase which is the CP violating parameter. This economical description of CP violation in the SM is referred to as the Kobayashi-Maskawa (KM) mechanism [9] . But if neutrinos are Majorana particles, there can be two additional Majorana-type phases in the three flavour case which can not be probed via oscillation experiments. In vacuum, the lone CP phase given by KM mechanism accounts for the CP violation signal. However standard interaction (SI) along with the inherent CP asymmetry present in the Earth matter introduces effects that mimic CP violation. These are referred to as fake/extrinsic CP violating effects as opposed to the genuine/intrinsic CP violating effect due to the presence of δ 13 [10] [11] [12] [13] [14] [15] . Earlier attempts have proposed experimental arrangements [16] and observables useful in disentangling the intrinsic and extrinsic CP violation components [15] however standard physics was assumed there. Our work differs in the fact that we analyse this question in the backdrop of three distinct physics scenarios (SI and two possible sub-dominant new physics effects) and quantitatively demonstrate that new physics further hinders clean extraction of the intrinsic component. We also quantify our results in terms of event rates and make realistic inferences about separability between the intrinsic and extrinsic CP violating effects.
In the era of precision measurements in neutrino oscillation physics, we need to consider subdominant new physics scenarios such as nonstandard neutrino interactions (NSI) or sterile neutrinos and discuss the capabilities of our planned experiments for some bench mark values of new physics parameters. We study how neutrino oscillations have the potential to shed light on these crucial questions relating CP and T symmetries as well as the unitarity of the neutrino mixing matrix. We also probe deviations due to new physics scenarios. We go beyond the SM in two respects -one in which we introduce subdominant effects due to a possible source of new physics dubbed as NSI [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] and another where the presence of extra sterile state can lead to non-unitarity in the 3×3 part even though the overall mixing matrix is still unitary [27] [28] [29] [30] [31] [32] [33] [34] and examine consequences relevant to long baseline experiments (For other new physics scenarios such as non-unitarity, see [35] [36] [37] [38] [39] ). We highlight the regions in L − E space where the effects due to CP and T violation are drastically modified due to new physics. Our discussion is mostly targeted towards accelerator based neutrino experiments with L/E ∼ 500 km/GeV but can easily be extended to short baseline experiments and very long baseline experiments.
The plan of the article is as follows. In Section 2.1, we give general definitions of CP, T and CPT asymmetries and unitarity condition. In Section 2.2, we give the three flavour framework in vacuum (Section 2.2.1) and in NSI along with the choice of NSI parameters (Section 2.2.2). In Section 2.3, we describe the framework and choice of parameters for the sterile case. Our results are discussed in Section 3. The CP and T asymmetries are described for the three physics scenarios as a function of E and L in Section 3.1. For a test of non-unitarity in the sterile case, we use oscillograms as our main tool (see Section 3.2). In Section 3.3, we discuss the spectral differences in oscillogram patterns for the three physics scenarios considered 2 . Finally, we discuss prospects of CP violation and implications of our studies for long baseline experiments with particular emphasis on T2K, T2HK, NOvA and DUNE in Section 4. We conclude in Section 5.
Framework
2.1 CP, T and CPT asymmetries and unitarity condition -definitions and general remarks C, P and T are discrete symmetries that refer to charge conjugation, parity and time reversal respectively. CP, T and CPT violation signal in any neutrino oscillation experiment is characterised via a comparison of probability for a given pair of initial and final flavours ν α → ν β with their CP, T or CPT conjugate counterparts CP :
The action of CP and T are equivalent to complex conjugation of U αi . For theoretical discussions on CP, T and CPT in neutrino oscillations, see [40] [41] [42] [43] [44] . There can be no CP violation in the two flavour case in vacuum as the unitary matrix in two flavour case can always be made real. In matter with varying density, this need not be the case (for geometric visualization, see [45, 46] ). Some theoretical consequences of the value of CP violating phase were discussed in [47] . The cosmological effect of CP violation was discussed in [48] .
Let us define the following asymmetries 3 which involve both neutrinos and antineutrinos :
where P αβ is the probability for transition ν α → ν β andP αβ is the probability for transition ν α →ν β . The probability expression is given by
Obviously, these asymmetries present themselves in different channels (appearance and disappearance) that can be employed to study CP, T and CPT violation. If CP were exact, the laws of nature would be same for matter and antimatter. While most phenomena are CP symmetric, weak interactions violation C and P in the strongest possible way. T violation is expected as a corollary of CP violation if the combined CPT transformation is a fundamental symmetry of Nature.
For three flavour case, there are 9 + 9 appearance and disappearance probability channels for neutrinos and antineutrinos. Further, the unitarity of the 3×3 mixing matrix (excluding the case of additional sterile neutrino)
can be translated in terms of probability conservation conditions
which are 6 + 6 conditions of which 5 + 5 are independent. This tells us that 4(= 9 − 5) + 4 neutrino and antineutrino oscillation probabilities are independent. Furthur it may be possible to reduce the number of independent channels to just two for neutrino (and two for anti-neutrino) oscillation probabilities in case of SI. In the parameterization considered (Eq. 1), the 23 rotation matrix commutes with the matter part in the Hamiltonian. Denoting the θ 23 transformed probabilities bỹ
we can show that P eτ =P eµ , P τ µ =P µτ and P τ τ =P µµ ,
and P ee turns out to be independent of θ 23 . Due to unitarity, only two of these are independent [40] . Moreover since the antineutrino probabilities are related to neutrino probabilities by δ 13 → −δ 13 and A → −A, we are left with just two independent probabilities (one possible choice could be P eµ and P µτ 4 ).
The unitarity condition leads to the following conditions involving CP asymmetries since β (P αβ −P αβ ) = 0 and α (P αβ −P αβ ) = 0 
Similarly, in terms of T asymmetries since β (P αβ − P βα ) = 0 and α (P αβ − P βα ) = 0 Figure 1: CP odd probability difference (∆P CP αβ ) plotted as a function of energy at a fixed baseline of L = 1300 km. The three rows correspond to the different channels considered while the three columns refer to effects due to SI, NSI and Sterile. The solid line corresponds to the case when all CP violating phases are set to zero including δ 13 . The dotted (dashed) line corresponds to the case when δ 13 = π/2(δ 13 = −π/2) and all additional phases set to zero. The grey bands in the case of NSI and Sterile refer to the variation in phases of the additional parameters introduced in their allowed ranges along with the SI phase δ 13 (see Tables 1, 2 ) plotted as a function of baseline at a fixed energy of E = 1 GeV. The three rows correspond to the different channels considered while the three columns refer to effects due to SI, NSI and Sterile. The solid line corresponds to the case when all CP violating phases are set to zero including δ 13 . The dotted (dashed) line corresponds to the case when δ 13 = π/2(δ 13 = −π/2) and all additional phases set to zero. The grey bands in the case of NSI and Sterile refer to the variation in phases of the additional parameters introduced in their allowed ranges along with the SI phase δ 13 (see Tables 1, 2 and 3 for the values of the parameters used).
Three active neutrinos only
As is well-known, the three neutrino flavor states can be mapped to a three-level quantum system with distinct energy eigenvalues, E i = p + m 2 i /2p in the ultrarelativistic limit in vacuum along with the assumption of equal fixed momenta (or energy). In the presence of matter, the relativistic dispersion relation E i = f (p, m i ) gets modified due to the neutrino matter interactions during propagation. 
Propagation in vacuum
The effective Hamiltonian is given by
where
We first briefly review the case of CPT conservation (CPTC) i.e., A
CP T αβ
= 0 which immediately relates CP and T asymmetries as 
Due to this, the CP asymmetry vanishes when α = β (disappearance channels). Further, if we assume unitarity of the mixing matrix, the CP and T asymmetries in the appearance channels are equal to one another in vacuum where the probability difference in the appearance channels responsible for CP (T) violation is given by ∆P . Now in vacuum, we showed that Eq. 17 holds which means that the CP and T violating probability differences in appearance channels are equal to one another. The numerator in the CP asymmetry (defined in Eq. 3) is given by
where J = s 12 c 12 s 23 c 23 s 13 c 2 13 sin δ 13 is the Jarlskog invariant and J r = J/ sin δ 13 . The second line is obtained after rearranging the terms in the first line. In order to have observable effects, we should have sizeable interference terms that involve the CP violating phase δ. This implies that both λL/2 as well as r λ λL/2 must be taken into account. Naturally, the A CP αβ (δ 13 ) vanishes as δ 13 → 0, π and when δ 13 = ±π/2, A CP αβ (δ 13 ) attains maximal values. Also it can be noted that the normalised A CP αβ (δ 13 ) grows linearly with L/E. CPT invariance implies CP violation implies T violation and vice versa.
Since the three CP/T odd probability differences (involving different channels) are equal to one another, it suffices to look for CP violation in only one of the three possible channels (say ν µ → ν e ) and the conclusions drawn (i.e. whether CP/T is conserved or violated) can be safely extended to include the remaining channels which may be difficult to explore otherwise (for example, ν µ → ν τ etc). Therefore CP conservation or violation in case of vacuum can be established by looking at any one of the asymmetries. Table 2 : The current bounds on NSI parameters taken from [49] (see also [50, 51] ). The phases ϕ αβ of the off-diagonal parameters are unconstrained and can lie the allowed range,
Propagation in matter with effects due to NSI switched on
The effective Hamiltonian in flavour basis entering the Schrödinger equation for neutrino propagation is given by
and
where n e is the electron number density.
The three terms in Eq. 19 are due to vacuum, matter with SI and matter with NSI respectively. For the NSI case, the ε αβ (≡ |ε αβ | e iϕ αβ ) are complex parameters which appear in H N SI . As a result of the hermiticity of the Hamiltonian, we have nine additional parameters (three phases and six amplitudes appearing H N SI ).
Switching on matter effects destroys nice feature of the equality of CP and T asymmetries in case of vacuum (see Eq. 15) due to the fact that matter effects can fake the CP violation signal. In such a scenario, establishing CP conservation/violation in a particular channel is not enough to conclude overall CP/T violation in the leptonic sector in general and one needs to examine asymmetries in all possible channels. Even if it the case, one needs to make sure whether the source of CP violation is genuine or fake (depending on the baseline) [52] . In presence of NSI, this is further disturbed due to the presence of additional parameters (see [17, 20, 21] ). On top of that in case of NSI, there are new genuine sources of CP violation as well as new fake sources of CP violation (aka matter effects) that can change the asymmetries even further. For models with possibilties of large NSI, see [53] [54] [55] [56] .
Three active and one sterile neutrino
This case corresponds to a four level quantum system with the 4 × 4 unitary matrix given by
In general O ij is a rotation matrix in i − j plane parameterized by angle θ ij and phase δ ij .
In presence of an additional sterile neutrino, the conditions β P αβ = 1 = βP αβ (22) are valid if β takes values e, µ, τ, s ("s" stands for sterile). The unitarity condition leads to the following conditions involving CP asymmetries since β (P αβ −P αβ ) = 0 
and α (P αβ −P αβ ) = 0 would give four more conditions. Similarly, we can get conditions in terms of T asymmetries as β (P αβ − P βα ) = 0 and α (P αβ − P βα ) = 0. Since we can only detect the active flavours, the presence of sterile neutrinos can be felt via flavour dependent measure of non-unitarity.
The choice of parameters used is given in Table 3 . 3 Results and Discussion
CP and T asymmetries as a function of E and L
The CP asymmetries in three appearance channels are plotted as a function of E and L in Fig. 1 and 2 for fixed baseline of L = 1300km and fixed energy of E = 1 GeV respectively. Also, the T asymmetries are plotted in Fig. 3 and 4 . In all the figures, the three rows correspond to the three different channels while the three columns correspond to the case of SI, NSI and sterile neutrinos. The solid line refers to the case when all CP violating phases including δ 13 are set to zero. The dotted (dashed) lines refer to δ 13 = π/2(δ 13 = −π/2) and all additional phases set to zero. The grey bands correspond to the variation in phases of additional parameters in presence of new physics (see previous section). We can infer the following from these plots.
• CP asymmetry : One would expect the CP asymmetry to vanish when δ 13 = 0 in vacuum (see Eq. 18). From Fig. 1 and 2 , we note that in all the three physics scenarios, we get non-trivial effects. The size of the effect depends upon the channel and the choice of parameters considered. For example, for a fixed baseline of 1300 km as considered in Fig. 1 and ν µ → ν e channel, we notice that for δ 13 = 0, there is a non-trivial effect due to matter even in the case of SI which is prominent near lower energies (around 4-8% near the peak). The magnitude is similar in case of NSI and Sterile near the peak. However there are spectral differences in the three cases which may or may not be visible depending on the particular channel.
In Fig. 2 , we plot the CP asymmetry as a function of len for a fixed value of E = 1 GeV. The three curves (solid, dashed and dotted) are oscillatory in nature and we note that there exist specific values of baselines for which one cannot distinguish the curves for the cases δ 13 = ±π/2 and δ 13 = 0. These lie near 1000 km and 2000 km. In ∆P CP µτ , we note that surprisingly all the three curves meet near these values of baseline.
Here again for δ 13 = 0, there is non-trivial effect due to Earth matter and the size of the effects increases with baseline and prominently for the new physics scenarios. The spectral differences are also visible here.
• T asymmetry : We note that δ 13 = 0 (solid line in Fig. 3 ) leads to vanishing asymmetry in all the three cases (SI, NSI and sterile). Also, the dotted and dashed lines are similar in all the three physics cases except for the e − τ channel in sterile neutrino case. Of course, if additional phases are present, there are non-trivial spectral differences which can be seen as grey bands.
In Fig. 4 , we plot the T asymmetry as a function of L for a fixed value of E = 1 GeV. The three curves (solid, dashed and dotted) are oscillatory in nature and we note that at specific values (or range of values) of baselines, the three cases (δ 13 = ±π/2, δ 13 = 0) are indistinguishable. The spectral differences are also visible more prominently in the sterile case.
Test of unitarity violation -oscillograms
We use coloured oscillograms in the plane of E and L as our tool to depict our observations. For the case of SI and NC NSI, the three flavour unitarity is maintained and therefore if we plot the sum of CP odd probability differences, we expect to get blank regions in these cases. However, for the case of one additional sterile neutrino, we obtain what is shown in 2.
for the first oscillation maximum (minimum) in the appearance (disappearance) channel.
We note that E = 1.5 GeV, L = 810 km for NOvA and E = 0.6 GeV, L = 295 km for T2K (and also T2HK) also lead to λL ∼ π. The location of first oscillation maximum (using P µe ) is also shown on the plot. Obviously, most of the ongoing or planned long baseline experiments lie on or close to 5 this curve.
The different colours depict the amount of unitarity violation. We can note that for the ν e → ν α and the ν τ → ν α channel (where α = e, µ, τ ), the violation of unitarity is larger compared to the ν µ → ν α channel. This feature can be ascribed to the larger values of θ 14 and θ 34 used in comparison to θ 24 (see Table 3 ). There is also a mild dependence on the value of δ 13 as can be seen from different columns. Also, if we look at middle row (ν µ → ν α channel), it seems that none of the ongoing long baseline experiments can detect the presence of non-unitarity better than ∼ 6% or so.
Distinguishing intrinsic and extrinsic CP effects
In the context of long baseline experiments where matter can induce extrinsic CP effects, a non-zero value of ∆P CP αβ does not unequivocally imply intrinsic CP violation arising due to the Dirac CP phase (δ 13 ). To get over the problem of finding the source of CP violation (i.e. whether due to intrinsic CP phase and due to the matter effects), other observables have been introduced [15] which can prove useful not only to establish whether CP violation effects arise purely due to the Dirac type CP phase (δ 13 ) or a combination of the intrinsic and extrinsic CP effects. We can define an observable quantity which is obtained by taking difference of the CP probability differences computed at different values of δ 13 for the appearance as well as disappearance channels as follows [10, 13, 15] 
The choices of δ 13 in the above equation allow for better observability of the intrinsic CP effects. Obviously, in vacuum, the second term on the RHS vanishes and the first term gives completely intrinsic CP contribution which will be non-zero for δ 13 = π/2. If matter effects are switched off, Eq. 25 reduces to the expression for vacuum asymmetry corresponding to CP violation (see Eqs. 17 and 18). In standard matter, both first and second terms on RHS will be non-zero in general. The second term being non-zero in matter signals the presence of purely extrinsic effects. Under certain conditions 6 , the matter contributions are independent of δ 13 (i.e., not arising due to the intrinsic CP phase, δ 13 , see Eq. 26 below) and above quantity is helpful to extract the intrinsic contribution [62] . 
which implies decoupling of the intrinsic and extrinsic effects may be possible near the peak energy. Of course, the decoupling is not expected to work in general.
In Figs. 6-8, we show the oscillograms of δ[∆P
CP/T αβ
] in the plane of E and L for the appearance and the disappearance channels. The three rows correspond to the different appearance or disappearance channels (as mentioned in the subscripts of quantities plotted on the y−axes of the plots) while the columns are for SI, NSI and sterile cases. Unless otherwise stated, in this and the remaining plots, we take the additional phases in NSI and sterile cases to be zero for the sake of simplicity. These plots depict how new physics effects impact the inferences about intrinsic CP effects in the region in E − L plane. Fig. 8 is similar to Fig. 6 but shows the T asymmetry.
The following observations can be made in connection with the difference in CP asymmetries for the three appearance channels (see Fig. 6 ).
• ν µ → ν e channel :
In the SI case, we note that the regions of large asymmetry ( 18%) are more concentrated at lower energies ( 2 GeV). Any experiment operating at higher energies and longer baselines cannot probe intrinsic CP violation via the quantity considered. The whitish region around a baseline of ∼ 8000 km is due to the fact that it is near the magic baseline where the CP dependence vanishes [63] . For NSI and sterile cases, we see the pattern in the oscillogram changes. However in case of NSI, the changes are more drastic. The new significant dark patches in the NSI case can be accounted for by assuming non-zero value of a particular NSI parameter (see Appendix B). Origin of different colours can be attributed to different parameters. For instance, in the ν e → ν µ and ν e → ν τ channels, the orangish patch (∼ 8 − 10%) that lies in E ∈ (5 − 9) GeV, L ∈ (300 − 2000) km is due to the presence of ε ee . The sterile case is similar to SI with new features in the entire oscillogram plot. The wiggles arise due to the fast oscillations induced by δm 2 41 which is large in comparison to the other mass squared splittings. Among the considered experiments, T2K or T2HK seem to have the potential to extract the intrinsic CP phase from the probability level discussion as far as the ν µ → ν e channel is concrened.
• ν µ → ν τ channel : Using this channel, extracting intrinsic CP violation is hard as can be seen from large whitish regions in the oscillogram for the SI case. Again the pattern is very different for NSI and sterile cases. From the probability level oscillogram in the ν µ → ν τ channel, we note that in NSI case, DUNE lies on a darker patch. This gives an impression that in presence of NSI, extraction of intrinsic CP phase may be easier as compared to SI case. However this is misleading since the source of intrinsic CP violation remains the same in both cases (NSI phases are set to zero). The substructures cancel in sterile case due to the fact that the wiggles are independent of δ 13 (see Fig. 13 in Appendix C).
• ν e → ν τ channel : The gross features are similar to ν µ → ν e channel. The darker regions can be understood from the size of the wiggles in Fig. 13 in Appendix C.
The following observations can be made in connection with CP plots for the three disappearance channels (see Fig. 7 ).
• ν e → ν e channel : There is no δ 13 dependence in the ν e → ν e channel [64] and hence the SI oscillogram is blank. NSI introduces significant effect in this channel. The features can be understood from Appendix B. Also, in sterile case, there are smaller dark patches as well as wiggles.
• ν µ → ν µ channel : Here the dependence on δ 13 is mild for SI case [64] . Again, differences arise in case of NSI and sterile.
• ν τ → ν τ channel : Here the dependence on δ 13 is mild and similar to the case of ν µ → ν µ channel for SI case [64] . For NSI and sterile, we see darker regions and wiggles respectively.
The following observations can be made in connection with T asymmetry plots for the three appearance channels (Fig. 8) . The oscillograms show features similar in nature to the CP case but there are fewer dark patches than CP case. Though the SI and NSI cases are indistinguishable, wiggles appear in sterile case.
Implications for long baseline accelerator experiments
Below we give a very brief description of the long baseline experiments considered to describe the implications of our results at the level of event rates. For more details, please see Table 4 (see also [20] ).
DUNE :
We consider a design that uses 120 GeV proton beam with a power of 1.0 MW which corresponds to
We assume 5 and 5 years of run time in neutrino and antineutrino modes respectively. The total exposure comes is around 350 kt.MW.years.
NOvA (Numi Off-axis Neutrino Appearance) experiment : We consider a design that uses 120 GeV proton beam with a power of 0.7 MW which corresponds to
We assume 3 and 3 years of run time in neutrino and antineutrino modes respectively. The total exposure comes around 84 kt.MW.years. 
T2K (Tokai to
We assume 3 and 3 years of run time in neutrino and antineutrino modes respectively. The total exposure comes around 103.95 kt.MW.years.
T2HK (Tokai to Hyper Kamiokande) experiment :
We consider a design that uses 30 GeV proton beam with a power of 7.5 MW which corresponds to
We assume 3 and 1 year of run time in neutrino and antineutrino modes respectively. The total exposure comes around 16.8 Mt.MW.years.
We present our results at the level of event rates using the following quantity
Here the first term on the RHS corresponds to the case of maximal CP violation (δ 13 = π/2) while the second term corresponds to CP conservation (δ 13 = 0). Since all the accelerator experiments mentioned above can produce ν µ only at the source (pion decay), we discuss the implications of our results at the level of event rates using ν µ → any flavour. Note that the binning and energy range of the experiments are different (see Table. 4).
Runtime (yr) = 3 ν + 3ν 35 kton, LArTPC 22.5 kton, WC ε app = 80%, ε dis = 85% ε app = 50%, ε dis = 90% Runtime (yr) = 1 ν + 3ν 14 kton, TASD 560 kton, WC ε app = 55%, ε dis = 85% ε app = 50%, ε dis = 90% • ν µ → ν e : Among all the considered experiments, the total event rate is highest for T2HK by a large margin. This high statistics is due to large detector size and beam power. Moreover, this means that one would be able to disentangle intrinsic and extrinsic sources of CP violation better with T2HK. The much shorter baseline ensures that matter effects are small which in turn simplifies the extraction of intrinsic CP phase. We can note that NSI and sterile scenarios also retain this feature as long as additional phases are set to zero (see Table 5 and Fig. 9 ).
• ν µ → ν µ : Here, in case of SI, DUNE seems to be the best choice. But, in presence of new physics such as NSI or sterile, T2HK seems to do slightly better though DUNE is also competitive (see Table 5 and Fig. 10 ).
• ν µ → ν τ : The number of events are scarce even after using a higher energy beam tune and evidently we can not draw useful conclusions from this channel (see Table 5 Figure 10 and Fig. 11 ).
Concluding remarks
It is fair to say that neutrino oscillation physics has entered a precision era and the upcoming long baseline experiments are expected to shed some light on one of the crucial unknown parameters in the oscillation framework -the leptonic CP phase. Going beyond the recent studies revealing how potential new physics scenarios can hinder the clean determination of this important parameter [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] , we address the issue of clean separation of the intrinsic leptonic CP phase from the extrinsic contribution arising due to SI as well as new physics 7 . We also show the impact of new physics on testing non-unitarity. Table 3 .
Accelerator-based long baseline experiments are plagued with the problem of clean separation of intrinsic and extrinsic CP violating terms due to the fact that neutrinos propagate through Earth matter. Resolution of this is a difficult task and there are several suggestions including new observables in literature. In order to elucidate and quantify our results, we use an observable quantity given by Eq. 25 (see [10, 13, 15] ) and scan the range of energies and path lengths relevant to long baseline experiments. We consider two new physics scenarios -NSI in propagation and additional sterile neutrinos. We depict our outcome in the form of oscillogram plots in L − E space where we unravel the regions where the impact of new physics on the oscillograms could be potentially large. We also highlight the differences in the different physics cases for some benchmark values of new physics parameters. Our discussion is mostly targeted towards accelerator based neutrino experiments with L/E ∼ 500 km/GeV but can easily be extended to short baseline experiments and very long baseline experiments. Other than the question of separating the intrinsic CP contribution, we also discuss the impact of additional sterile neutrinos on the unitarity conditions.
For the sake of simplicity, we set the additional intrinsic CP phases (induced by new physics) to zero and discuss the impact of additional parameters appearing in NSI and sterile cases that are extrinsic in nature. Furthur through the event rates (see Eq. 31) for realistic configurations for some of the ongoing and planned long baseline experiments, we show which experiment has better potential to answer the questions that we have posed in this article. We have considered four long baseline experiments -T2K, T2HK, DUNE and NoVA and also taken into account both the appearance (ν µ → ν e ) and disappearance (ν µ → ν µ ) channels for each of them (see Sec. 4). We demonstrate how even the restricted class of CP conserving new physics effects complicate the separation of intrinsic CP phase from the extrinsic CP effects that can come from SI or new physics. Our main results can be summarised as follows :
• Non-unitarity : Deviation from unitarity (in the sterile case) at the probability level can be discernible by looking at various E and L ranges where one gets darker regions. Fig. 5 shows the deviation from unitarity for three different values of δ 13 . Obviously, in vacuum, one would expect to get blank region whenever the source of CP violating phase vanishes (δ 13 being the only source of CP violation, see Eq. 12). This corresponds to the middle column of Fig. 5 . Instead we see some pattern even for δ 13 = 0 and this can be attributed to the SI with matter which contributes to non-unitarity. We can note that only in channels involving ν τ , it might be possible for DUNE or NOvA or T2HK to reveal some signature of non-unitarity. However this is not expected to be useful at the level of events. Non-unitarity is very hard to probe in the ν τ channel using any of the long baseline experiments primarily because one is statistically limited in case of tau events (see Fig. 5 ).
• Extraction of intrinsic CP violating component and comparison of new physics scenarios with SI : At the probability level, the darker shaded regions imply larger influence of new physics. This dark region should not be thought of as aiding the extraction of intrinsic CP component in any given channel, rather it makes the situation more complicated. Some of the ongoing and future experiments are shown as bulleted points along the curve representing the first oscillation maximum. For lower values of E and L, it is expected that the NSI effects would be small and hence one could in principle have a clean detection of intrinsic component. From the oscillograms, we can note that the impact of new physics scenarios is more prominent at larger values of E and L. Also, note that NoVA and DUNE lie on lighter shaded region of the oscillogram while T2K (and T2HK) is at a darker patch. Hence the baseline choice of T2K or T2HK is desirable in order to extract the intrinsic component from the probability level analysis. Finally, at the level of events, T2HK wins due to the large statistics in order to cleanly extract the intrinsic contribution (see Fig. 6 -8 ).
• Event analysis : At the level of event rates, we find that T2HK offers best statistics among all the considered experiments in case of ν µ → ν e channel. But, DUNE is competitive with T2HK if we consider ν µ → ν µ channel. Tau appearance channel is mostly not useful due to limited statistics (see Figs. 9 -11 and Table 5 ).
Finally some comments concerning the validity of our approach are in order. We assume that only source of intrinsic CP violation is due to δ 13 which is very optimistic. In principle, the new physics scenarios considered here can also bring in more sources of intrinsic CP violation via pure phase terms. Any source of new physics therefore has both intrinsic (i.e. phases) and extrinsic components and discussing the problem with both components is rather cumbersome. In fact, the separation of intrinsic contribution using a quantity like δ(∆P CP αβ ) is feasible only when there is one source of intrinsic CP violation (δ 13 ) present.
For a more general scenario with phases introduced in the new physics sector, one needs to think of appropriate observables to be able to separate out the intrinsic contribution.
Nonetheless we would like to stress that our overall approach to survey the impact of CP conserving new physics scenarios is quite general and can be applied to other new physics scenarios or other regimes in E − L space. The discussion in the present work is targeted towards accelerator-based neutrino experiments with L/E ∼ 500 km/GeV but the ideas can easily be extended to short baseline experiments or very long baseline experiments. In order to explain the features of different panels in Fig. 5 , in Fig. 12 we show the individual components (blue, black and darkgreen curves) and the sum of the contributions in each row (red curves) appearing in Fig. 5 for a fixed baseline of 1300 km. As we can see the red curve is rapidly oscillating which leads to thin light and dark patches in Fig. 5 along the horizontal line at 1300 km. The amplitude of the red curve depends on the value of the sterile mixing angle relevant in each channel (see the main text).
B Origin of dark regions in the CP and T oscillograms in NSI case
The approximate analytic expressions for probabilities upto second order in small parameters (r A , s 13 , ε's) in different channels in case of NSI are given in [65] [66] [67] . Using the analytic expressions, we attempt to explain the distinct features of the oscillograms (Figs. 6, 7 and 8). In order to simplify the tedious expressions, we assume the following
• Normal hierarchy (NH)
• |ε eµ | = |ε eτ | which is consistent with our choice of parameters in generating the oscillograms. This results in the cancellation of terms ∝ (|ε eµ | − |ε eτ |) and allows for useful simplifications in the analytical formulae.
• the NSI phases are set to zero (ϕ eµ = ϕ eτ = ϕ µτ = 0)
• Upto second order, the expression for P (ν e → ν α ) (where, α = e, µ, τ ) contain the NSI parameters ε eµ , ε eτ , ε ee [65] . Hence, the mild effect of ε µτ , ε µµ , ε τ τ on electron sector cannot be understood from these.
• To get the anti-neutrino probabilities, one needs to do the following replacements r A → −r A , δ 13 → −δ 13 , ε αβ → ε * αβ .
In order to facilitate the presentation, we define the following quantities (the bars above indicate the corresponding quantities for antineutrinos.).
1.
.
tan ω = C sin δ 13 s 13 + C cos δ 13 , and |Ω| ≈ s µ − τ sector:
These expressions serve to explain the qualitative features obtained in Fig. 6 and 7. We note that δ∆P • Let us compare the plots at different baselines. For shorter baselines, |δ∆P CP µτ | is insignificant for all values of energies but for some choice of energies it becomes prominent as the baseline increases. This prominence can be visualized as a series of peaks in the plot. As the baseline increases, these peaks show the following tendenciesshift towards right, becoming broad or narrow and change in prominence (amplitude) among the different peaks. There are two prominent long dark orangish stretches in Fig. 6 -one around E ∼ 3.5 − 7.5 GeV and L ∼ 1000 − 5000km and another thinner one around E ∼ 2.5 − 3.5 GeV and L ∼ 1000 − 5000 km. These can be explained from the first (right most) peak in Fig. 13 . The slant of these stretches is due to shift in the peak position towards right as the baseline increases. The sharpness of the second peak of Fig. 13 and its relatively mild shift from ∼ 3 GeV to ∼ 6 GeV as L increases from ∼ 3500 km to ∼ 9000 km produces the less slanted thin dark stretch in Fig. 6 . In addition, there are two dark patches at very long baselines in Fig. 6 around E ∼ 3 − 5 GeV and L ∼ 8000 − 10000 km. The sudden rise in magnitude of the second peak at around ∼ > 8000 km produces the two dark spots in Fig. 6 at longer baseline values.
• The features in Fig. 14 are grossly similar to Fig. 13 .
The peaks can be mapped to the dark patches/regions in the NSI plot (middle row • We note that there are more white spaces in the middle panel of Fig. 13 than that in Fig. 14 . Because of the overall sin λL/2 dependence, the first term of δ(∆P CP µτ ) (dark green curves in Fig. 13 and Eq. (B.5)) vanishes if λL/2 ∼ π or L/E ∼ 1000 km/GeV. No such overall sin λL/2 is present in the first term of Eq. B.6 for δ(∆P CP µµ ), making it less probable to vanish at any value.
• The much smaller dark patches at energies 2 GeV in the middle panels of Figs. 6 and 7 arise because of rapid oscillation at lower energies ( 2 GeV) in Fig. 13 and 14 respectively.
• In presence of SI only (black dashed curves in Figs. 13 and 14) , we note that the values of δ(∆P We make the following observations from Fig. 15 which are useful to understand the features in Fig. 6 (top row, middle panel).
• In Fig. 15 , we plot δ(∆P CP µe ) as a function of E for different baselines. The overall behaviour is dominated by the first term of Eq. (B.7).
• Unlike the case of δ(∆P CP µτ ) or δ(∆P CP µµ ), here we have only one primary peak in Fig. 15 . This peak starts appearing roughly at L 5000km and rapidly grows with the baseline. This gives rise to the dark inverted triangular shaped patch in Fig. 6 (top row, middle column) at E ≈ 4 − 6 GeV .
• The orangish blob in the same panel of Fig. 6 (at L 2000 km and roughly at 5 GeV < E < 9 GeV ) is due to the presence of ε ee .
C Pattern of CP and T oscillograms in the Sterile case Figure 16 : Probability differences for the appearance channels in sterile case and size of the wiggles for different channels for a fixed baseline of 1300 km.
In Fig. 16 , we plot the various probability differences (see the legend) that go in the calculation of δ∆P CP αβ in presence of a sterile neutrino for the channels ν µ → ν e , ν µ → ν τ and ν e → ν τ (corresponding to the three rows of Fig. 6 ). The baseline is taken to be 1300 km. These three panels correspond to the three rows of the right column of Fig. 6 . One can see that δ∆P CP µτ (represented by the red curve in Fig. 16 ) is quite smooth, unlike δ∆P CP µe or δ∆P CP eτ , that show rapidly oscillating nature 8 . We also note that the amplitude of the wiggles is larger in the ν e → ν τ channel than that in ν µ → ν e channel. Indeed, in Fig. 6 (the three rows in the right column), we see that the oscillogram is mostly smooth in the ν µ → ν τ channel. Also, the ν e → ν τ channel seems to be more wiggly than the ν µ → ν e channel in the oscillogram 9 .
8 these rapid secondary oscillations are the manifestations of a high ∆m ) . The large allowed range for θ 34 (< 25 o ) permits us to use such a large value for it. Although θ 34 has marginal effect on the ν µ → ν e channel, the ν e → ν τ channel depends quite significantly on θ 34 . This, in turn, produces the large wiggles for δ∆P CP eτ .
